Corynebacterium glutamicum belongs to the mycolic acid-containing actinomycetes, which also include Mycobacterium, Nocardia, and Rhodococcus. The cells of this group possess a cell wall with a thick outer layer composed primarily of mycolic acid, which functions as a permeability barrier. To investigate the mechanism of mycolic acid-containing layer (mycolate layer) formation, we have developed a fluorescence microscopic technique detecting the mycolate layer in situ. The staining specificity of fluorescence-labeled phospholipid analogs was determined by simultaneous staining with the hydrophobic fluorescent dye Nile Red and peptidoglycan-staining fluorescence-conjugated vancomycin. We found that fluorescence-labeled phospholipid analogs preferentially stain the mycolate layer. Using this technique, we observed the effect of the anti-mycobacterial drug ethambutol on C. glutamicum mycolate-layer formation. Ethambutol interfered specifically with mycolate-layer formation on the division planes and cell poles, while the side-wall mycolate layer was not severely affected. This indicates that mycolate-layer formation occurs mainly on division planes and cell poles in C. glutamicum, where the peptidoglycan layer is actively synthesized.
Corynebacterium glutamicum was originally isolated as an L-glutamic acid producer, 1, 2) and is now widely used for industrial production of amino acids. Production of L-glutamic acid by C. glutamicum is induced by treatments that alter cell surface structures, such as biotin limitation, addition of fatty acid-ester surfactants, or treatment with penicillin. [3] [4] [5] But the mechanisms of increased L-glutamic acid production by these treatments are not well understood. C. glutamicum belongs to the mycolic acid-containing actinomycetes, and is closely related phylogenetically to Mycobacterium. Tuberculosis and other serious infectious diseases are caused by mycobacterial infection. Mycobacteria have a highly hydrophobic, lipid-bound cell wall. The cell-wall lipids consist mainly of long-chain fatty acids, called mycolic acids, which are covalently bound to arabinogalactan via ester bonds. 6) This mycolic acid-containing outer lipid layer (mycolate layer) is essential for mycobacterial growth and infection, and confers high resistance to antibiotics and host defense mechanisms. 7, 8) Antibiotics targeting mycolate-layer synthesis, such as ethambutol (EMB) and isonicotinic acid hydrazid (isoniazid), are used widely as anti-mycobacterial agents. 9) The emergence of drug resistant strains, however, is becoming a serious problem. The mechanism of EMB action, as well as other anti-mycobacterial agents targeting mycolate-layer synthesis, has been extensively studied using biochemical and genetic techniques. Clinically isolated EMB-resistant mutants frequently carry a mutation in one of several emb genes, which are hypothesized to encode EMB target proteins. 10) Biochemical studies show that Emb proteins are arabinofuranosyl transferases. [11] [12] [13] Some discrepancies remain, in that disruption of any one emb gene is not lethal.
12)
C. glutamicum has a cell-wall structure and composition similar to mycobacteria: the cytoplasmic membrane is covered with a thick peptidoglycan layer, and an arabinogalactan layer surrounds the peptiodoglycan. As in mycobacteria, mycolic acid, which is covalently bound to the terminal hexa-arabinosyl motif of arabino-galactan, forms the most exterior layer. 14) Recently, PS1 protein, a homolog of antigens 85A, 85B, and 85C of Mycobacterium tuberculosis, was identified in C. glutamicum, and the csp1 gene encoding the PS1 protein was cloned. 15) These homologous proteins mediate the transfer of the mycolate residue to trehalose monomycolate. [16] [17] [18] A C. glutamicum homolog of mycobacterial polyprenyl monophosphomannose synthetase, which is involved in mycolate-layer formation, was also identified. 19) Recently, an emb gene encoding a possible target enzyme of EMB was cloned from C. glutamicum. The effects of EMB on C. glutamicum cells were investigated using strains in which expression of emb could be controlled. 20) We suggest that this bacterium can be used as a model organism to investigate the cellular mechanism of mycolate-layer formation and the mechanism of action of anti-mycobacterial agents such as EMB and isoniazid.
Recent advances in techniques in fluorescence microscopy, indirect immunofluorescence staining, and fluorescence in situ hybridization have led to substantial refinements in our knowledge of bacterial cells, most especially subcellular architectures. [21] [22] [23] In this report, we describe a fluorescence microscopic technique for in situ detection of the mycolate layer. We demonstrate that the basis for differences in the staining properties of fluorescent probes is mainly due to variation in hydrophobicity or molecular size. This technique was applied to investigate alterations of the mycolate layer following EMB treatment of C. glutamicum cells.
Materials and Methods
Bacterial strain and media. C. glutamicum wild-type strain KY9611 was used in this study. Cells were grown in Lennox medium (1% Polypepton, 0.5% yeast extract, 0.5% NaCl, 0.1% glucose, pH 7.0). Growth of liquid cultures was monitored by measuring the optical density at 660 nm (OD 660 ). When required, 50 mg/ml EMB was added to bacterial cultures.
Fluorescence microscopy. 9-Diethylamino-5H-benzo [] phenoxazine-5-one (Nile Red) was purchased from Sigma-Aldrich (St. Louis, MO). Rhodamine B-1, 2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (rhodamine-labeled DHPE; rDHPE), N-(fluorescein-5-thiocarbamoyl)-1, 2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (fluorescein-labeled DHPE; fDHPE), and BODIPY FL-conjugated vancomycin (Van-FL) were purchased from Molecular Probes (Eugene, OR). Stock solutions of fluorescent dyes, except Van-FL, were dissolved in methanol to concentrations of 10 mg/ ml of rDHPE, 10 mg/ml of Nile Red, or 100 mg/ml of fDHPE. Vancomycin or Van-FL was dissolved in water to a stock solution of 100 mg/ml.
Exponentially growing cells or cells treated with drugs for 2 h were harvested and fixed in 1.6% formaldehyde in phosphate-buffered saline on ice for 1 h. The fixed cells were harvested, washed twice with saline (0.85% NaCl), and resuspended in saline to spread them onto a slide glass. After drying, the slide was coated with 20 mg/ml of poly-L-lysine and dried again. Fixed cells were stained for 15 min at room temperature by spotting 100 ml of a saline solution containing 2 ml of the appropriate stock solution of fluorescent dyes or 1 ml of a 1:1 mixture of Van-FL and vancomycin stock solutions. Note that the working solutions of dyes were freshly prepared from stock solutions for each staining experiment. After staining, each slide was washed three times with 1 ml of saline. The stained cells were observed under a microscope (Axioskop 2, Carl Zeiss, Oberkochen, Germany) coupled to a chilled CCD camera (MicroMax, Roper Industries, Bogart, GA). Images obtained were processed using Adobe Photoshop (Adobe Systems, San Jose, CA).
Results
Staining properties of fluorescence-labeled phospholipid analogs, Nile Red, and Van-FL on C. glutamicum wild-type cells 2-Dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE) is a phospholipid analog. Fluorescence-labeled DHPEs, rDHPE and fDHPE, were thus expected to stain hydrophobic cell structures such as the mycolate layer and cytoplasmic membrane. We examined the staining properties of these dyes with C. glutamicum wild-type strain KY9611. As shown in Fig. 1a and b, staining with rDHPE showed annular fluorescent images, indicating that this dye stained a cell surface structure(s). About one fifth of the cells also stained in their mid-cell regions (see Table 1 ), which correspond well with newlyformed septa between dividing cells. Similar results were obtained with fDHPE (data not shown).
To identify the structure(s) stained with fluorescent DHPEs, we doubly stained wild-type cells with fDHPE and Nile Red, a hydrophobic fluorescent dye that stains lipid structures in mycobacterial cells. 24, 25) The two dyes showed slightly different staining patterns: Similar annular images were obtained, but different staining patterns were seen in the septa. About 40% of the cells' septa stained with Nile Red (Table 1) , whereas fDHPE staining was observed in only about one half of these septa (Table 1 , Fig. 1c-e, indicated by yellow arrows) . The other half of the septa stained exclusively with Nile Red (Table 1 , Fig. 1c -e, indicated by red arrows). It is noteworthy that no cells were found in which the midcell position was stained exclusively with fDHPE, and not Nile Red (Table 1 ). These data indicate that these dyes stain different cell surface structures.
The surface of C. glutamicum consists of three main layers from inside to outside: cytoplasmic membrane, peptidoglycan layer, and mycolate layer. To determine which of these layers stained with fluorescent DHPEs, we stained cells with both rDHPE and fluorescence-labeled vancomycin (Van-FL). Van-FL is known to stain nascent peptidoglycan in C. glutamicum. 22, 26) Cell poles and mid-cell septa stained intensely with Van-FL (Fig. 1g) , as previously observed by Daniel and Errington. 22) We found that some cells showed staining of the mid-cell peptidoglycan layer with Van-FL but not with rDHPE ( Fig. 1f-h, indicated by a green arrow) . Moreover, none of the cells showed the opposite pattern of staining. Since Van-FL binds to D-Ala-D-Ala residues of nascent peptidoglycan, the mid-cell signals observed with Van-FL should represent invaginating septa composed of a new peptidoglycan layer. 22) This result suggests that formation of the DHPE-stained structure occurs after the peptidoglycan layer.
We also double-stained C. glutamicum cells with Nile Red and Van-FL (Fig. 1i-k) . Unlike the case of rDHPE and Van-FL, Nile Red-stained structures always stained with Van-FL simultaneously at mid-cell positions (Fig. 1i-k, indicated by yellow arrows) . To exclude the possibility that Nile Red stains the same component as Van-FL (viz., the peptidoglycan layer), we doublestained cells in the presence of an excess of unlabeled vancomycin. Although the intensities of Van-FL signals were reduced profoundly in the presence of excess a Exponentially growing C. glutamicum KY9611 cells were treated with 50 mg/ml of EMB or media alone for 2 h, and cells doubly stained with fDHPE and Nile Red were observed by fluorescence microscopy. b More than 100 cells were counted for each assay. For no treatment, the mean AE SD of five assays, and for EMB treatment, the mean AE SD of six assays, are shown.
vancomycin, Nile Red signals were not affected (data not shown). This illustrates that the structure stained by Nile Red is different from the peptidoglycan layer. From all these results, as discussed in ''Discussion'' below, we conclude that fluorescent DHPEs stain the mycolate layer, while Van-FL and Nile Red stain the peptidoglycan layer and the cytoplasmic membrane respectively.
Effect of EMB on mycolate-layer formation in C. glutamicum
In mycobacteria and related species, EMB inhibits arabinofuranosyl transferase, thereby decreasing the amount of covalently-bounded mycolate in the outer layer. 27) EMB is also active on C. glutamicum. 20) We applied the differential staining technique developed in this study to detect changes in the mycolate layer upon EMB treatment in situ. Based on its action, we predict that EMB will result in changes in the pattern of fluorescent-DHPE staining.
The minimal inhibitory concentration (MIC) of EMB was 5 mg/ml for C. glutamicum wild-type strain KY9611. Exponentially growing KY9611 cells were treated with 50 mg/ml EMB (10 Â MIC) for 2 h at 30 C. Although this dose of EMB reduced the growth rate, it did not induce cell lysis as previously reported. 20) Cells exposed to EMB were more rounded in shape, but aggregrates of V-shaped cell pairs, which are typical of this coryneform bacterium, were still observed.
In EMB-treated cells, the rDHPE fluorescent signal decreased significantly at the division planes and cell poles, but did not change at the side walls ( Fig. 2a and  b ). Double staining with fDHPE and Nile Red showed that cytoplamic membranes remained intact even at division planes and cell poles. Cells doubly stained with rDHPE and Van-FL showed Van-FL fluorescent signals at the division planes (Fig. 2g-j) , indicating that active synthesis of the peptidoglycan layer was maintained. Moreover, there was a significant decrease in the relative number of cells with fDHPE-stained septa (Table 1) , as well as a two-fold increase in the frequency of Nile Redstained septa following EMB-treatment (Table 1 ). These observations indicate that EMB inhibits mycolate-layer formation on the division planes and cell poles more severely than on the side-walls.
Discussion
We developed a new method of staining the mycolate layer in C. glutamicum cells. Fluorescence-labeled phospholipid analogs, fDHPE and rDHPE, are expected to stain hydrophobic structures in a cell. The hydrophobic fluorescent dye Nile Red also stains hydrophobic structures, including intracellular cytoplasmic membranes and lipid droplets. 24, 25) Differences between the hydrophobicity and molecular size of DHPEs and Nile Red are expected to result in different membrane staining properties. To determine the staining specificity of fluorescent DHPEs, we performed double-staining of rDHPE and Van-FL. Van-FL is reported to bind with high affinity to the D-Ala-D-Ala dipeptide moiety in nascent peptidoglycan or its lipid precursors. 22, 26) This specificity of Van-FL staining helped us to distinguish the targets of Nile Red and fluorescent DHPEs from the peptidoglycan layer.
Because enzymes for peptidoglycan synthesis, also known as penicillin-binding proteins, are located on cytoplasmic membranes, 28) peptidoglycan synthesis must occur after the formation of new cytoplasmic membrane. Mycolate-layer formation, which occurs on existing arabinogalactan residues connected to peptidoglycan-containing cell wall structures, 29, 30) cannot occur in the absence of the peptidoglycan layer. According to the electron microscopy studies of Puech et al. 29) on C. glutamicum cell surface structures, cytoplasmic membrane first forms with the peptidoglycan layer, and this is followed by formation of the mycolate layer. Based on these requirements, we assumed that exterior parts of the cell surface form after interior parts.
The result of double staining with Nile Red and fDHPE ( Fig. 1c-e, Table 1 ) showed that only half of the Nile Red-stained septa were stained with fDHPE. Moreover, no cells stained exclusively with fDHPE in the septa were found. These observations suggest that the Nile Red-stained structure(s) are formed prior to the fDHPE-stained structure(s), in that the fDHPE-stained structure(s) are exterior to those stained with Nile Red. Similarly, in cells doubly stained with Van-FL and rDHPE ( Fig. 1f-h ), rDHPE-stained structures are exterior to the peptidoglycan layer. Nile Red-stained septa were always stained with Van-FL (Fig. 1i-k) , but in the presence of excess vancomycin, Nile Red-stained structure(s) were distinguishable from the peptidoglycan layer. Thus, judging from the topology of the cellsurface architecture, we conclude that fluorescent DHPEs and Nile Red stain the mycolate layer and the cytoplasmic membrane respectively. It is possible that fluorescence-labeled DHPEs cannot transverse the mycolate layer and/or the peptidoglycan layer because of their large size relative to Nile Red.
Recent technical advances in fluorescence microscopy of microbes provide a new view of the subcellular organization of bacterial cells. [21] [22] [23] For example, fluorescence microscope images by Daniel and Errington using showed that the peptidoglycan layer grows in a helical pattern in the cell cylinder of Bacillus subtilis. We applied the new fluorescence microscopic technique developed in this study to investigate the effect of EMB on mycolate-layer synthesis. By inhibiting arabinogalactan synthesis, EMB prevents formation of its covalently-bound mycolate layer. 11, 12, 27, 31) The visible effects of EMB on mycolate-layer formation were observed mainly at cell division planes and cell poles (Fig. 2) . Especially, a decrease in the relative number of cells with fDHPE-stained septa was notable (Table 1) . We hypothesize that this decrease in the relative number of nascent cells, which do not have fDHPE-stained septa, was due to a failure to complete septation (i.e., an inability to form a mycolate layer) caused by EMB-treatment. These data are consistent with previous observations using transmission electron microscopy that the relative number of cells having incomplete septa increased upon EMB-treatment. 20) Both of these techniques demonstrate that EMB inhibits mycolate-layer formation on the division planes and cell poles more severely than on the side-walls, which were not severely affected by the treatment. We conclude that de novo mycolate-layer formation occurs mainly at the division planes and cell poles, where peptidoglycan synthesis is actively carried out.
In combination with future genetic and biochemical studies, this new staining technique should improve our understanding of the molecular mechanism of mycolatelayer formation in C. glutamicum and mycobacteria. This technique can be applied to screens for antibacterial agents that affect the formation or function of the mycolate layer.
